Introduction
I t has long been known from incidental observation th at humidity affects the propagation of sound in air. Not only is there an increase in the velocity of sound waves, but, refraction due to irregularities apart, there is a change in the attenuation, so th at distant sounds may often be heard more clearly under conditions of high humidity than when the air is dry. Similar effects of humidity on the absorption of sound in reverberation chambers were reported by Sabine (1929) , but it was left to Knudsen (1931 Knudsen ( , 1933 to show that the absorption of sound in air as derived from rever beration experiments at audible frequencies reaches a maximum (as the humidity increases) at first and then falls, and that when the frequency is changed the position of the maximum also moves. This anomalous be haviour of sound in moist air was pursued into the supersonic range of frequencies by Pielemeier. In 1937 (after the present work was com menced) he reported two humidity regions exhibiting abnormal velocity, with sources of sound covering the range 500-100 kc./sec. This year (1939) he has compared his measured velocities with those given by a formula of Miller, based on outdoor experiments, which indicates a steady rise of velocity with humidity. Whereas the earlier experiments of Reid (1930) and Ishii (1935) had shown no measurable departure from the Miller for mula, Pielemeier attained values definitely higher at certain values of humidity and temperature.
Measurements of absorption in moist air in the supersonic region are scanty, and the methods employed open to criticism (vide infra). Rogers (1934) reported maxima of absorption at 45 % humidity in air (mixed also with carbon dioxide) at one frequency (410 kc./sec.), while Pielemeier showed the existence of a critical vapour pressure (for maximum absorption) which was a function of the frequency, similar to that deduced by Knudsen for lower frequencies.
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[ 117 j ® In view of the uncertainty and conflict between the existing results it was decided in 1937 to adopt the hot-wire method, previously used by one of us to measure dispersion in pure gases (Richardson 1934) , to measure the wave-length and attenuation coefficients of the radiation from sources covering a range of supersonic frequencies in air containing water vapour. I t may be mentioned th at dispersion has been detected in other gaseous mixtures, but since air and water vapour formed a typical and common mixture, it was decided to confine the experiments to these gases. Though dry air is, of course, itself a mixture, careful experiments have shown no dispersion over the range of frequencies we intended to employ (cf. Parker I 937)-
Apparatus and method op measurement
The general form of the apparatus was the same as th at used in the first research (Richardson 1934, figure 2). A quartz oscillator produced standing waves between its radiating face and a movable ebonite reflector, while a platinum hot-wire detector could be passed along the wave system so set up, and the amplitude measured from point to point. One improvement which was made within the vessel was to have the hot wire so mounted th at it could be pushed along rails in one direction by the head of a screw of a dividing engine, instead of being mounted on a threaded rod directly, as shown in the sketch of the original apparatus. This change was made because it appeared th at aberrations in the readings periodic with the thread of a micrometer screw could be introduced by the first arrangement, and backlash was sometimes evidenced by slight disagreements between the direct and return readings of the hot wire. Apart from this and the introduction of a thermometer, the gas container and its appurtenances, the method of taking hot wire or reflector readings and calculating there from the propagation constants for the gas remained as described in the first paper.
The methods used by other workers, though excellent for wave-length determinations, suffer from the disadvantage when used to obtain the attenuation constants in gases that they involve the reaction on a nearby quartz oscillator of the same frequency, or on the sender quartz when a reflector is moved, or again, on a torsion or reactive vane placed in the path of the supersonic beam. Movement of the body receiving the reaction is bound to upset, to some extent, the supersonic source and its radiated beam. I t is for this reason that the present authors favour^an apparatus in which the standing wave system is kept unchanged, while the amplitude from place to place is measured by some detecting device presenting a very small surface to the beam. In this case it was a length of platinum wire one-thousandth of an inch in diameter. There have been occasions, however, with the crystals of the highest frequency, when the amplitude axis of stationary wave system F ig u r e 1. Standing waves in a supersonic beam in moist air a t 96-8 kc./sec.; above, stationary hot wire and moving reflector; below, stationary reflector and moving hot wire.
in the supersonic waves was too weak to be detected by this means. In such cases the hot wire was kept still at a suitable distance from the quartz and the reflector moved. In some instances, for the sake of comparison, we employed the two methods consecutively under identical conditions. Typical plots of supersonic amplitude, as recorded by the hot wire in the two methods, are shown in figure 1. (It must be remembered that the hot wire does not discriminate phase, and to compare these with stationaiy waves, as usually pictured, one must imagine alternate segments replaced by their images in the axis of zero amplitude.) The moving hot wire and stationary reflector plot gives a good approximation to simple harmonic motion (apart from the effects of attenuation, and a suspicion of the octave of the fundamental frequency), whereas with a stationary hot wire and moving reflector sharp-pointed peaks are obtained, which, if used to calcu late absorption, usually gave a higher value. Whenever possible then, the reflector was kept still for absorption measurements, though the moving reflector was preferred for velocity measurements, owing to the sharper peaks.
A modification of the hot-wire circuit was introduced, by which the wire with its heating battery was made to form the grid bias of a valve so chosen th at the anode current of the valve was directly proportional to the velocity of the draught on the hot wire and hence to the supersonic velocity am plitude. Over the range required in these experiments a variable-mu valve (VS24) was found to fulfil this requirement. The relative amplitudes a t points in the standing wave system could then be read off directly from a galvanometer in the plate circuit of this valve.
The humid air to be experimented on was prepared in the desired state, passed into the acoustic interferometer, and its humidity measured on leaving. The air was first freed from carbon dioxide by passing it through potassium hydroxide and subsequently bubbling it through concentrated sulphuric acid. This was done because small concentrations of carbon dioxide are known to effect some dispersion, and it was not desirable to complicate the experiments by double dispersion (cf. Rogers 1934). From the sulphuric acid bottle the gas could pass by alternative routes. One gave it further dryness by passing it over phosphorus pentoxide. The other led through aquepus solutions of salts whose saturation vapour pressure gave the air the approximate humidity desired.
The whole of this apparatus, as well as the interferometer, was in en closures which could be raised to any temperature up to 80° C by means of external heating coils, and such portions of the connecting tubes as could not be accommodated in the chamber were heavily lagged with asbestos heated by coils to somewhat higher temperatures than the air passing through, to avoid risk of condensation.
After leaving the preparation chamber, the gas could pass directly through the hygrometer, for calibration purposes, or-when the supersonic measurements were being made-first through the interferometer and then through the hygrometer. This procedure was adopted as it was inconvenient to evacuate the interferometer before introducing the gas. The known vapour pressures over the solutions could, however, be used to calibrate the hygrometer since, when the interferometer was out of circuit, the remaining connexions were completely airtight.
The hygrometer was also of the hot-wire type, in which the electrical resistance of a thin platinum wire fitted axially to a tube is used to measure F ig u r e 2. H ot wire hygrometer. the thermal conductivity of any gas in the tube. As the conductivity of air changes but slowly with the addition of water vapour, the single tube type of katharometer did not give sufficient sensitivity. Instead, four con ductivity cells with associated hot wires were fitted up, two to contain moist and two dry air. These four wires were connected in a Wheatstone bridge so that each similar pair formed two conjugate arms of the bridge, thus doubling the sensitivity. The final design of the hygrometer is shown in figure 2 . Each cell consists of a platinum wire, 0-001 in. in diameter, mounted in a copper tube 1 cm. diameter and 10 cm. long. At its ends the wire is soldered to two thin brass rods, each brought through an ebonite cap and held under tension by nuts, sealed in position with sealing wax and covered with a cement (Insalute). The whole is mounted in a thermo stat kept at 60° C.
The humid air passes through two of the cells in succession, then through the phosphorus pentoxide tube, and through the remaining pair of cells. The object of using the humid air after drying it as a standard gas is to make the readings independent of impurities other than water vapour, and of casual changes of pressure and temperature in the hygrometer. I t is, of course, very necessary in using such an apparatus to ensure th at all four cells remain at the same temperature. The calibration curve was obtained in the form of the positions of the galvanometer lead on a slide wire placed between two of the bridge arms, for a series of known vapour pressures over the aqueous solution employed.
R esults
Measurements of amplitude were obtained by the hot wire in the standing waves produced by supersonic sources at five different frequencies. To obtain the propagation constants in the gas it is sufficient, as shown in the first paper, to measure the position and amplitude at successive maxima and minima in the pseudo-stationary waves set up between the source and the reflector. By plotting the logarithm of the amplitude against distance from the source, the (amplitude) absorption coefficient ft is ob tained. From the average separation of peaks the half wave-length is obtained. Knowing the frequency from the readings of a wave-meter (guaranteed by the makers to be correct to 0*1 %), the velocity is at once given. Typical results are shown on figure 3 of the drift of the maxima and minima in the standing waves, and the log amplitude: distance cqrve whose slope determines /i* At higher frequencies a larger number of peaks were "covered within the usual separation of sender and crystal (about 10 cm.). A cyclic variation in the amplitude which was found to have a " wave-length" equal to the pitch of the reflector and hot-wire screws was eliminated when these were pushed continually in the one direction by the dividing engine before mentioned.
The complete set of absorption coefficient: humidity curves for the five frequencies is shown on figure 4, while figure humidity at which the absorption is greatest corresponds closely to th at at which the velocity shows its greatest departure from the theoretical value. The results are summarized in table 1.
The experimental values of fi (shown in brackets) at the have been corrected in the light of the data obtained in cross-traverses of the hot wire through the supersonic field (vide next section), which in dicate the proportion of energy diffracted out of the central supersonic beam. At higher frequencies the correction falls within the experimental error in the determination of fi and so has been neglecte The following general conclusions may be drawn:
(1) The velocity in dry air is independent of frequency (cf. Parker 1937).
(2) The measured absorption coefficients in dry air are several times larger than those calculated from the Stokes-Kirchhoff formula, and while this would have ju, depend on the square of the frequency, the results indicate an approximately linear dependence. Consequently /1X2 decreases as the frequency increases, instead of remaining constant.
(3) In humid air fi reaches a maximum, two or three times its value in dry air, at a vapour pressure which decreases as the frequency increases. (The absorption curves of figure 4 can be nearly superposed if plotted against the logarithm of the vapour pressure divided by the frequency.) (4) The maximum of dispersion in the velocity decreases as the frequency increases.
D iscussion of results
Before discussing the import of these results, some investigation is needed of the disposition of the supersonic field in front of the quartz. We have, in fact, assumed in the foregoing calculations th at the radiation all falls on the reflector and is there sent back towards the source in the form of a sensibly plane wave. The criterion for the production of such a beam without marked diffraction is, as in the corresponding optical case, the relative size of wave-length and radiating face of the sender. For the high frequencies, where one had wave-lengths of the order of fractions of a millimetre coming from a quartz disk about 2 cm. wide, the amount of energy diffracted out of the central beam was very small, but at the lowest frequency (provided by a quartz slab with radiating face 2 cm. wide, delivering radiation with a wave-length in air of 0-85 mm.) diffraction was evident first by reflexion of the radiation from the walls of the glass tubereduced by covering it internally with gauze-and an exaggerated absorp tion coefficient in dry air due to departure by the supersonic radiation from plane waves. In spite of this diffraction a t the lowest frequencies, the increased absorption shown in humid air at these frequencies may still be regarded as a specific property of the humidity and not of the apparatus. I t is possible, however, th a t the abnormal absorption with certain con centrations of water vapour may be due to scattering of the radiation, as was previously found in like circumstances when the interferometer contained pure carbon dioxide (Richardson 1934) . To test this, and to verify th at the supersonic field in dry air was the same as th at which one would expect on theoretical grounds, the field in front of certain of the sources when radiating through a linear slit was explored by means of the hot-wire detector. For this purpose the reflector was removed, the in terior of the walls and the far end of the tube covered with felt, and the field in front of the slit orifice traversed across plane sections of the gas perpendicular to the supersonic'rays and with the hot wire parallel to the long edges of the slit. This was done both in dry air and afterwards with a moisture content at the concentration corresponding to maximum absorption for the frequency concerned. I t was apparent th at while the field in humid air does show greater divergence from theory than th at in dry air there is not the marked irregularity in the field which led to the " absorption" in carbon dioxide being ascribed to scattering. We should indeed not expect so much divergence from " piston radiation" in this case, for the extent of the recorded dispersion (both of velocity and amplitude) is much less in humid air at its greatest than in carbon dioxide in the appropriate frequency range. Incidentally, the making of the traverses with the hot wire across the supersonic field enabled one to verify th at the beam was in fact proceeding out at right angles to the crystal face and axially to the tube, by noting the relative position of the central maximum at various distances from the source. Needless to say, any faulty setting of this type, which would result in the beam not hitting the reflector squarely, could produce a serious error in the calculated results for absorption coefficient.
The significance of supersonic dispersion from the point of view of molecular characteristics has been discussed both in the first paper and elsewhere (Richardson 1938) . The argument lies between the relaxation theory, in which a postulated lag in the transfer of energy between the various degrees of freedom of the molecule produces a peak of absorption hand-in-hand with a rise in velocity to a higher and maintained value; and some form of selective absorption, characterized by a sharp rise in velocity followed by a gradual fall to a normal value (cf. anomalous dispersion in optics). I t is not the purpose of this paper to eqter into a theoretical discussion of the merits of these rival theories. I t suffices to point out th at the velocity after it has risen to an abnormal value does in fact fall slowly to normal as the frequency rises. So much may be deduced from figure 5, if a succession of values of velocity corresponding to a single value of the humidity is read off from the curves. The drop in velocity prior to the rise at a frequency corresponding to maximum absorption, which should accompany anomalous dispersion, is less evident, because in the supersonic gamut the maximum occurs at low vapour pressure, but velocities than those given by the classical formula were occasionally recorded at very low values of the humidity.
